Abstract This paper presents the aspirated modification of a dual-stage counter-rotating compressor which contains inlet guide vanes (IGVs), two counter-rotating rotors (R 1 , R 2 ), and outlet guide vanes (OGVs). Uniform circular holes are circumferentially distributed over the rotors' tips on the shroud casing which are designed to remove the low-energy fluid near the shroud casing. OGVs are hollow blades with two slots designed on the suction side which can better control the flow on the suction surface through boundary layer suction. Related works about the experiments have been carried out since June 2012 and the effect of flow suction on the performance of the compressor is investigated in detail. Characteristic lines at a 70% corrected rotating speed are tested and those with higher rotating speeds will be studied in the near future. Experimental results indicate that boundary layer suction can improve the compressor characteristics and the best suction methodology varies along the operating line. At the near stall condition, suction from the R 2 tip region can obviously increase the efficiency and the total pressure ratio, as well as improve the flow capacity. Isentropic efficiency can be maximally increased by 4.24% with an increase of 1.94% in massflow under a suction flow of 160 m 3 /h. Suction at the R 1 position with a suction rate below 0.35% in a high flow situation can make the performance of the compressor better than others. Around the peak efficiency point, boundary layer suction from the slots of OGVs is the best choice in improving the efficiency, but it causes a 0.1% loss in the total pressure ratio.
Introduction
Inter-stage bleeding is an essential way to ensure safety operation of jet-engines. Bleed air is used for various applications in aircraft such as aerodynamic blowing, environmental control system, anti-icing system, fuel tank pressurization, etc. Generally speaking, bleed air comes from the middle or last stage of a high pressure compressor and it introduces a performance penalty on an engine. 1 In 1991, a study was conducted by National Aeronautics and Space Administration (NASA) to determine the impact of various levels of compressor bleed on the performance of an F100-PW-220 afterburning turbofan, 2 and the results showed that thrust loss and specific fuel consumption were approximately linear functions of bleed flow. In 1992, a ground test was performed to determine the effects of compressor bleed flow extraction on the performance of F404-GE-400 afterburning turbofan engines. 3 Since the year of 1993, Massachusetts Institute of Technology (MIT) was supported by US Air Forces in financial affairs to do series research in cooperation with the NASA Glenn Research Center in bleeding control technology. 4, 5 This project lasted more than 10 years with an aspirated compressor design system set up basically. A low rotating speed single rotor with a pressure ratio of 1.6 at a rotor tip speed of 229 m/s was designed and successfully tested by Schuler et al. [6] [7] [8] A high rotating speed single rotor with a pressure ratio of 3.5 at 457 m/s in the tip region was completed and investigated by experiments.
9,10 A two-stage aspirated counter-rotating compressor was designed and tested with a pressure ratio of 3.0 and an 87% adiabatic efficiency. [11] [12] [13] In 2002, the possibility of controlling compressor endwall flows through the use of bleed at the compressor case was investigated by Wellbron and Koiro. They found that rotor tip bleed was most effective near the leading and trailing edges. 14 In 2007, Leishman and Cumpsty experimentally researched the ramped bleed slot in a compressor cascade, and analyzed the effects of bleed rate, off-take geometry, and bleed location. [15] [16] [17] In 2008, Gu¨mmer and Dobrzynski et al. numerically investigated the benefit of endwall boundary layer removal from critical regions of highly loaded axial compressor blade rows 18 and used different flow control techniques in a 1.5-stage axial flow compressor in a low speed environment. 19 In 2014, Hou et al. studied the effects of bleeding with different ways on axial-flow compressors' performance and flow fields. 20 This paper presents experimental research on a dual-stage counter-rotating compressor with uniform circular holes circumferentially distributed over the rotor tip and suction slots on the suction side of outlet guide vanes (OGVs) to control the tip leakage and its related loss. As shown in the forgoing paragraph, an experimental investigation with boundary layer suction on a counter-rotating compressor was carried out by MIT in 2004 for the first time and this paper presents such an investigation for the second time, but they are different in many ways. Firstly, the aspiration slot on the second rotor suction surface designed by MIT extends from the hub to 80% span and the bleed flow is discharged at the hub, 21 while there are suction holes on the shroud casing and suction slots on OGVs in this paper, so the suction flow goes out through the shroud. Secondly, flow is supersonic relative to the blade across its entire span, so the suction by MIT is designed to control the viscous boundary layer loss and shock loss, while suction used in this paper is aimed at controlling the tip leakage vortex and its related loss. Finally, the aspirated second rotor in MIT's counter-rotating compressor should be completely discussed in stress analysis, 22 but suction there is easier to reach. Generally speaking, the problem solved by MIT with suction is a traditional one in a counter-rotating compressor at the second rotor under the relative supersonic condition. However, the control of the tip leakage vortex with suction discussed in this paper is not just the solution to a counter-rotating compressor and it can be applied in every compressor.
In this paper, a boundary layer suction system has been set up to support the pump energy and flow control, and the total temperature rise method is used in the analysis of isentropic efficiency.
Testing rig
The testing rig is a dual-stage counter-rotating compressor as shown in Fig. 1 . It has inlet guide vanes (IGVs) which cannot be seen through the optical glass window, R 1 , R 2 with an opposite rotating direction, and OGVs. The design flow capacity is 6.4 kg/s with a 0.89 isentropic efficiency and a 1.22 total pressure ratio. The main parameters of the counterrotating compressor are shown in Table 1 .
Aspirated modification
The aspirated modification lasts around six months and everything goes well in this part. As seen in Fig. 2 , the split shroud casing is divided into two sections with the first part covering the rotors and the second part covering the OGVs. In the first part, positioning structures are designed in the inner face to locate the suction rings. One row of uniform suction holes is circumferentially distributed on each suction ring over the rotors' tip regions. In Fig. 2 , the x c , y c and z c are the axises in relative coordinate system defined by UG software.
The parameters of suction holes are listed in Table 2 . Previous numerical simulations reveal that the counterrotating compressor experiences serious flow condition caused by tip leakage vortex (TLV) at R 2 's tip region and the inlets of Experimental investigation of a counter-rotating compressor with boundary layer suctionOGVs at a near stall condition, 23 and suction at the core area of high entropy near the shroud casing can improve the performance better. Therefore, the suction holes over R 1 's tip are positioned at a 77% relative chord length to the leading edge and those of R 2 are located at a 31% relative chord length to the leading edge. This way of suction is just a try, and different suction methodologies are tested to find the best one as it can be adjusted conveniently by changing the suction ring. Uniform main suction holes are circumferentially distributed on the shroud casing to collect the flow from those suction holes. 20 main suction holes with a diameter of 12 mm and the same number of holes with a diameter of 10 mm are respectively distributed on the shroud casing over R 1 and R 2 .
Low energy flow located at the rotor tip region is separated through the suction holes and flows into the cavity constructed by the suction ring and the shroud casing. Finally, the suction flow is removed through the main suction holes to the outer space. Fig. 3 shows the picture of the first part of the shroud casing with R 1 installed. As the blisk is made from aluminum, the shroud casing with a material of 45# steel provides a good case containment. Blisk, also known as integrally bladed rotor (IBR), is a component where blades and a disk are in one piece.
The OGVs shown in Fig. 4 (a) are hollow blades with two slots designed on the suction side. One slot starts from the 28% chord position near the shroud casing, develops with an angle of 10°along the radial direction, and covers 40% span. The other one starts from the 65% chord position with the same direction and is half the length of the first one. The width of these two slots is 1.0% chord. Fig. 4(b) shows the pressure side of the OGVs. The region surrounded by the golden edge is the range of the suction cavity where zinc solder is used. These two suction slots are internal communication and the effects of suction through the OGVs are the comprehensive results of the two slots. These three-dimensional blades are dealt with five axial machining centers.
As shown in Fig. 4 (c) and (d), OGVs are cantileverinstalled on the shroud casing and the hollow screw rod allows suction gas flow out. There is no rotation, so the strength of the aspirated outlet guide vanes is high enough without special attention.
Suction system
In the component test, the designed suction rate cannot be reached by self-exhaust without vacuum equipment and it's essential to build up a suction system. The energy consumed by suction is not involved in the analysis of operating efficiency. As shown in Fig. 5 , the suction system of the aspirated counter-rotating compressor contains four main parts: two roots vacuum pumps, a buffer tank, three flow meters, and the aspirated counter-rotating compressor. The aspirated counter-rotating compressor is described in detail in Section 3. Boundary layer suction is powered by two roots vacuum pumps and the maximum vacuum that can be reached is À34.3 kPa. As the working principle of roots vacuum pumps, the produced pressure pulse makes the suction rate very difficult to control. The buffer tank with a volume of 4.5 m 3 is arranged in the suction system to hold the suction rate. Three LZB float-type flowmeters are used for the volume flow rate measurements of the R 1 shroud casing, the R 2 shroud casing, and the OGV suction slots. At the inlet of each volume flowmeter, a K-style thermocouple is installed to get the flow temperature in suction. With the wall static pressure tested, the density of suction flow can be calculated. Figs. 6 and 7 show the collection ring and its installation with shroud casing.
Measurement technique
Compressor characteristic lines with different suction methodologies are the main content in the experiments and this section shows the measurements of related parameters in calculating massflow, isentropic and total pressure ratio. Fig. 8 presents the distribution of the measurement points at atmospheric temperature. Seven K-style thermocouples are settled around the counter-rotating compressor, and the averaged value of measurements at these points is the final atmospheric temperature named ''T 0 ''. As the compressor working, some devices like the gear case, the electronic motor, and the bearing will heat the air and cause the temperature rise. The extent in the rise is different at different positions. The test of T 0 in this way can reduce the differences and get a relatively accurate approximation. The atmospheric pressure named ''p 0 '' is measured by a digital aneroid manometer. Experimental investigation of a counter-rotating compressor with boundary layer suction
The cross-flow counter-rotating compressor has three measured sections inside as shown in Fig. 9 with the index numbers of I-I, II-II, and III-III. The total temperature rise method is used in the analysis of isentropic efficiency. Section I-I is located at the radial discharge nozzle to get the wall static pressures which are used in the calculation of inlet massflow. Section II-II is positioned at the front of the IGVs with a distance of one chord length at the tip region. The parameters of wall static pressures and the radial distribution of inlet total pressure are tested in this section. Test Section III-III is located at one time of the chord length to the trailing edge of the OGVs. Wall static pressures, radial distributions of total temperature and total pressure can be got in Section III-III. For each test section, the blockage ratio is kept under 2.0%. Fig. 10 is the distribution of wall static pressure measurement points at Section I-I, in which there are four measurement points on the front wall and two points on the back wall. The absence of measurement points at the angle positions of 135°and 225°in Fig. 10(b) is caused by physical interference. The averaged value is the final wall static pressure named ''p 1 ''.
The area at Section I-I is measured and defined as A. Assume that there is no total pressure loss, the inlet massflow q m can be calculated by the following equation:
where q(k) is the stream function and k is the velocity factor. For the air, the value of constant K is 0.0404. q(k) in Eq. (1) has the relationship with k in Eq. (2) and k can be got through Eq. (3). k equals 1.4 in the following equations:
Fig . 11 presents the distribution of measuring points at Section II-II and Section III-III. For Section II-II, four total pressure combs having 11 measurement points are installed with the angles of 30°, 120°, 210°, and 300°in the flow direction. In Section III-III, two 5-hole thermocouple total temperature combs and four 5-hole total pressure combs are fixed. Total temperature combs are distributed with the angles of 80°and 330°, and the combs measuring total pressure are in the angles of 50°, 120°, 255°, and 300°. It's better to settle the measuring probes with the same style uniformly distributed along the circumferential direction like the condition in Section II-II. Where there is physical interference, the circumferential position will be adjusted. Therefore, the distribution in Section III-III is the results of adjustment.
Pressure calibration has been carried out on all the total pressure combs before installation. Fig. 12 shows the calibration result of the 11-hole total pressure comb installed in Section III-III with an inlet Mach number of 0.2 (the designed inlet Mach number is 0.15), in which 1# is the testing hole near the hub and 11# is the hole near the shroud. The region that keeps the value of the total pressure loss coefficient under 1.5% is À15°to +15°, which is enough in the inlet test section, and that of the 5-hole total pressure comb with a guiding cap has a wider range between À25°and +25°under the designed condition. Fig. 13 shows the calibration result of the 5-hole total pressure comb installed in Section III-III with an inlet Mach number of 0.2 (the designed inlet Mach number is 0.25). A K-style thermocouple with a precision of ±0.1°C (0-100°C) is used in the 5-hole total temperature combs and the testing of atmospheric temperature in Fig. 8 . Temperature rise is about 18°C in the experiments, so the error range is between À0.56% and +0.56%.
The pressure signals are acquired by a Model 9016 intelligent pressure scanner. There are total 96 channels which are averagely distributed on six pressure measuring modules avail- Fig. 9 Measured sections of the counter-rotating compressor. able in the experiment. ADAM-5018 is employed in the acquisition of temperature.p t2 and p t6 stand for the total pressures at Section II-II and Section III-III, respectively, and T t6 is the value of the total temperature at Section III-III. Therefore, the isentropic efficiency g is defined as the following equation:
Error analysis on the experiment
Error analysis is very essential and important on which the accuracy of experimental results depends. In this experiment, 30 points are measured under every situation in the drawing of the characteristic line. Fig. 14 shows the experimental procedure in the measuring of characteristic lines under different suction flows. An electronic butterfly gate is installed at the outlet of the compressor to adjust the massflow. ''Full Open, Position 1 , Position 2 , Position. . .'' stands for the aperture of the butterfly gate, ''Ori'' stands for the condition without boundary layer suction, and ''Suc 1 , Suc 2 . . .'' stands for the aspirated conditions. Under one position, ''Ori'' will be firstly tested, then ''Suc 1 , Suc 2 '', and so on. These rotors made of aluminum have a very thin profile at the tip region and uncertain factors that are caused by suction may break these blisks, so when the surging happens, emergency air bleeding equipment will work to protect the rotors and the following conditions will not be tested. For example, if the red one ''ORI'' in Fig. 15 experiences a rotating stall, the green ones ''Suc 1 '' and ''Suc 2 '' will not be tested in consideration of safety. According to the experimental results, a rotating stall always happens in the ''Ori'' condition. Therefore, the characteristic Fig. 12 Distribution of the total pressure loss coefficient along incidence in the 11-hole total pressure comb. contains the conditions that are surrounded by discontinuous lines in Fig. 15 . The compressor characteristic compared in this way can reduce the measurement error which has a relationship with the operating temperature under each condition. While the performance at the stall condition with suction flow cannot be measured, it also brings negative effects on the integrity of the characteristic line. This new test rig is under the compatibility stage, and more works will be done at the near stall condition in the future if the current results show that there is no threat to the safety of the rotors. Fig. 15 illustrates the comparison of experimental results with suction on and off, in which Fig. 15(a) shows all the measured values and Fig. 15(b) shows the averaged value distribution. There are numbers on the characteristic lines and the points with the same number mean that they are tested at the same ''Position'' described in Fig. 14 . Table 3 shows the ratio of standard deviation to averaged value in the experiments. The index number in the table is the same number as in Fig. 15(b) . The steadiness of total pressure ratio tested in the experiments is very high and the massflow suffers the worst condition. The value of ratio in Table 3 indicates that the experimental results are reasonable, reliable, and acceptable.
Experimental results
Experiments have been carried out since June 2012 to measure the characteristic lines of the counter-rotating compressor with various suction methods. This paper presents the characteristic lines with different suction rates at the positions of R 1 , R 2 , and OGVs at a 70% corrected rotating speed. Every point used in analyzing a characteristic line is the average value of 30 measurement results under the same condition. Removing unreasonable ones, 9-13 experimental points are available in each characteristic line. Then least squares with a three quadratic function model are used in the curve fitting process. Fig. 16 is the fitting result of the relative massflow-efficiency characteristic line. The relative efficiency is the ratio of efficiency on the line to efficiency at the choke point, and so is the same principle of calculating the relative massflow and the relative total pressure ratio. The relative massflow listed here means the outlet massflow. Fig. 17 illustrates the comparison of characteristic with different suction rates (suction rate is defined as the relative ratio of suction massflow to inlet massflow) at R 1 . As suction flow is not contained in the relative massflow, the changing of the relative outlet massflow can really reflect the effects of different suction rates on improving the flow capacity of the compressor. In Fig. 17(a) , flow suction has an obvious effect on the efficiency. Suction flow with a legend of 160 m 3 /h has a 0.67% increase in average within the region of 0.76-0.88 relative massflow which is the main operating range.
In Fig. 17(b) , the total pressure ratio can be improved through suction and there is an optimum suction rate at which more or less suction flow brings a drop on the total pressure ratio. The suction flow with a legend of 120 m 3 /h is the best one during these suction flows tested in the experiments, and the total pressure ratio can be improved by 0.11% in average in the region of 0.76-0.90 relative massflow.
A high entropy zone in the R 1 tip region at the near stall condition is very limited according to previous numerical calculations, so the suction holes over the R 1 tip are positioned near the trailing edge to keep the upper flow field. Suction with a low rate can remove the slightly high entropy flow which has an important meaning to the second counter-rotating rotor at the tip region. This slight change in R 1 can suppress the high entropy zone further develop in the R 2 tip region, enlarge the flow capacity, and obviously improve the performance.
The suction rate at R 1 with the distribution of the relative massflow is calculated and shown in Fig. 18 , and results show that the suction rate is approximately linear to the relative massflow. The maximum suction rate is 1.41% at a 0.78 relative massflow with a suction flow of 160 m 3 /h, while the minimum suction rate is 0.3% at a 1.02 relative massflow with a suction flow of 40 m 3 /h. Fig. 19 compares the compressor characteristic with different suction rates at R 2 . Boundary layer suction can improve the efficiency and the total pressure ratio below the massflow with the highest efficiency in original characteristic. Especially at the near stall condition, efficiency can be This experimental results show that boundary layer suctions only work at the near stall condition. Previous numerical simulations find that the serious flow blockage and the high entropy zone caused by the tip leakage vortex in R 2 at the near stall condition are the major reasons of stall or even surge. 23 When R 2 suction works at the near stall condition, the serious situation near the shroud can be better, and the energy obtained from R 2 in the high span region increases, so there is an improvement on the performance at the near stall point. On the other conditions, the flow over the R 2 tip region goes fast and easy and the rim power is fully absorbed by it. If R 2 suction starts, the powered flow is discharged and there is a penalty on the performance. It comes to the conclusion that R 2 suction only works at the near stall condition. The experimental results reveal that the OGV suction slots are longer than the zone covered by the high entropy incoming flow as the longer slot extends from 60% span to the shroud. Under low suction rates like 20 m 3 /h in Fig. 21(a) , suction is not strong enough to pull the high entropy zone develop into a low span and to suppress the flow separation at near stall condition, so it improves the efficiency around the highest efficiency point in most extent and adds energy to the separated flow at the near stall points which makes it worse. As the suction rate increases, the performance around the highest efficiency point turns to a worse condition as the high entropy zone pulled by suction develops into a lower span, while the performance at the near stall condition becomes better for the enhanced power in the suppression of flow separation.
It is shown in Fig. 21 (b) that boundary layer suction on the suction surface of OGVs causes a drop on the total pressure ratio. As these two slots on the OGV suction side are close to the outlet of the compressor, the ability in improving the flow capacity is the lowest compared with others having an upstream position. Therefore, the characteristic lines with OGV suction will entirely shift to the left side when the inlet massflow is subtracted by the suction flow to calculate the outlet massflow. 
Analysis of the experimental results
Experimental results have been shown in Section 7, and the comparisons between original and suction ones are not very obvious, so this section solves the problem. Fig. 23 is the distribution of increasing percentages in efficiency changing along with the relative massflow. In Fig. 23 , OGV-suc20 means flow suction from OGVs with 20 m 3 /h. The definition of increasing percentage in efficiency is described in Eq. (5). Eff suc is the relative efficiency with suction, while Eff ori is the relative efficiency without suction.
The green discontinuous horizontal line with a value of ''0'' represents the relative efficiency without suction. Other lines mean the relative percentages in efficiency changing at every tested massflow with different suction flows. Above the green discontinuous horizontal line, flow suction has an active effect on the performance of the compressor. Table 4 shows the best suction control method in the improvement of efficiency. At the near stall condition, suction from R 2 with a high suction rate has an obvious effect on the improvement of efficiency. This phenomenon indicates that the R 2 tip region undertakes serious flow condition at the near stall condition and it's the main source of loss compared with other suction positions. In the region of 0.81-0.88, a slight amount of suction from OGVs with an averaged increasing percentage of 0.73% has a better effect than others. In the high flow situation from the 0.88-1.00 relative massflow region, suction from R 1 at an appropriate suction rate is the best choice. Fig. 24 keeps the same principle as Fig. 23 in dealing with the relative total pressure ratio. As shown in Fig. 24 , suction from OGVs has a negative influence on the total pressure ratio. ''R 1 -suc120'' has the best performance on the total pressure ratio in the characteristic line. At the near stall condition, suction from R 2 with a slight amount of flow brings the best performance on the total pressure ratio. Table 5 gives the detailed information about the best suction control method in the improvement of total pressure ratio.
Conclusions
The aspirated modification of a dual-stage counter-rotating compressor has been carried out since June 2012. Effects of boundary layer suction on the performance of the compressor have been paid special attention to during experiments, and characteristic lines with different situations are drawn finally. Through the analysis of compressor characteristics, conclusions and observations can be summarized as follows: (1) Flow suction can improve the performance of the compressor. For different sections of the characteristic line, the best suction control methodology varies. (2) At the near stall condition, the R 2 tip region undertakes a serious flow situation and causes the main total pressure loss. Through flow suction over the R 2 tip region on the shroud casing can obviously increase the efficiency and total pressure ratio, as well as improve the flow capacity. (3) In the high outlet massflow situation from the 0.9-1.0 relative massflow, suction from the R 1 position with a suction rate below 0.35% can make the performance of the compressor better than others. (4) Around the relative massflow with peak efficiency in the original characteristic line, boundary layer suction from the suction slots of OGVs is the best choice in improving the efficiency, but there is a 0.1% loss penalty in the total pressure ratio.
